This paper proposes a compact microstrip patch antenna for operating in 2.4 GHz ISM and 3.5 GHz WiMAX bands with circularly polarized (CP) radiation. The CP radiation in dual-bands is a result of two multilayered truncated corner stacked square patches, while the reactive impedance surface (RIS) is used for antenna size miniaturization for the lower operating frequency band. Since the overall lateral antenna dimensions are controlled by the lower frequency band (higher wavelength), reducing the electrical size of the antenna for lower band results in overall smaller antenna dimensions. The measured 3-dB axial ratio bandwidths of the inhouse fabricated antenna prototype are 6.1% (2.40-2.55 GHz) for the lower band and 5.7% (3.40-3.60 GHz) for the upper band, while the 10-dB 11 bandwidths for the two bands are 8.1% (2.39-2.59 GHz) and 6.9% (3.38-3.62 GHz), respectively. The maximum gain at boresight for the lower band is 2.93 dBic at 2.5 GHz, while the gain for the upper band is 6.26 dBic at 3.52 GHz. The overall volume of the proposed antenna is 0.292 o × 0.292 o × 0.044 o , where o is the corresponding free-space wavelength at 2.5 GHz.
Introduction
Compact circularly polarized microstrip antennas (CPMAs) are useful for portable handheld devices because of their insensitivity to the change in polarization caused by the transmitting and receiving antenna orientations, as well as ionospheric rotation. For handheld and portable wireless communication devices, the antenna's overall volume is an important factor for the size of communication system. That is the reason why some commercial receivers use linearly polarized (LP) antennas to receive circularly polarized signals. LP antennas are smaller in size than the corresponding circularly polarized (CP) antenna [1] , and 3-dB polarization mismatch loss is a trade-off for the reduction in antenna size. The problem is exacerbated when the antennas are supposed to radiate in two or more bands. There are many CPMAs proposed in the literature [2, 3] . Generally, a single feed microstrip patch antenna generates a linearly polarized wave, unless some perturbation is introduced in the antenna patch to excite two orthogonal modes for CP radiation. This is usually achieved by making slots or slits [4, 5] or chamfering the patch radiator corners [6] , the latter one being good for wide reflection coefficient and axial ratio bandwidth.
Till the beginning of this century, microstrip antennas were almost invariably fabricated on plane dielectric substrates. Since then, the introduction of artificial magnetic conductors (AMCs) has opened a new perspective to design smaller and more efficient microstrip antennas [7] . AMCs are also called high impedance surfaces (HISs), and from now these two terms will be used interchangeably in this paper. A modification of the AMC was suggested in [8] . These electromagnetic metasurfaces find application in enhancing the radiation properties of the antennas like operating frequency bandwidth, direction of antenna radiation, and size miniaturization. Both AMCs and RISs comprise periodic structures of different shapes and sizes [9] . The difference between the two is in their operating frequency. In a perfect electrical conductor (PEC), the image of an electric current 2 International Journal of Antennas and Propagation parallel to the surface is always out of phase by 180 ∘ , irrespective of the frequency. But in a metasurface the phase difference between the current and its image (the reflection phase) varies from 180 ∘ to −180 ∘ , depending on the frequency of operation. At one particular frequency, the reflection phase is zero, and the image current is in the same phase as that of the physical current above it. At this frequency, the metasurface is AMC or HIS. When the reflection phase is 180 ∘ , the metasurface behaves like a normal PEC. At all other frequencies, the surface has reactive impedance and is called a reactive impedance surface.
Because of the difference in electrical properties, HISs and RISs have different applications when it comes to antenna design. HIS is more suitable for use as a reflector for antennas that have a bidirectional radiation pattern, where it limits antenna radiation in a particular direction. HISs are more effective than the conventional PEC reflectors because they can be brought really close to the radiating structure (separation as small as 0.1 o ) without distorting the antenna properties. Some monopole/dipole antennas have also been designed on HIS ground plane, thus resulting in low-profile antenna structures. On the other hand, RIS is a good substitute for the traditional high-dielectric substrate used for the size reduction. The inductive reactance of the RIS cancels the near-field capacitance of the microstrip antenna, resulting in a broader bandwidth and a compact size [8] . Besides these two general uses, there are metasurface based antennas that do not fall into these categories. Metasurfaces have been used to enhance the properties of both planar and nonplanar antennas. In [10, 11] , a metasurface has been used to enhance CP radiation emitted from a dipole antenna and a patch antenna, respectively. Both these works involve a nonisotropic metasurface, and the reflection phases are +90 ∘ in the -direction and −90 ∘ in the -direction. That was achieved using periodic rectangular patches for designing the metasurface. Cross-dipole antennas over AMCs were studied in [12, 13] . In both cases, the axial ratio performance of the intrinsically CP cross-dipole antenna is improved by the presence of the AMC surface. An on-chip CP antenna for use in the 60-GHz Wi-Fi Band was presented in [14] . A CP antenna over a nonuniform HIS was presented in [15] .
The main use of AMCs has been in making reflectors for bidirectional slot antennas. If designed properly, slot antennas radiate CP waves efficiently but are bidirectional in nature. To make them unidirectional, a reflector has to be used. A PEC reflector has to be kept at a minimum separation of 0.25 o , or else the image current will cancel the main antenna current, resulting in no radiation [16] . This makes the antenna profile thick. The problem can be solved by using AMC reflector that can be brought very close to the radiating structure. The image current generated by the reflecting surface is now in phase with the antenna current for the optimized frequencies of operation. Hence the two do not cancel each other and the reflector can be brought very close to the main antenna, resulting in a low-profile antenna structure. This has been investigated in [17, 18] for different kind of slots and AMCs.
When RIS substrate is used in place of the tradition dielectric, it can increase the antenna bandwidth and reduce size. It does this by spatially distributing the image current so that there is minimum mutual coupling between the antenna current and its image. It also stores the magnetic energy that compensates for the near-field electric energy of the radiating structure [8] . It has been shown that the use of RIS substrate can result in the increase of both 11 impedance bandwidth and the AR bandwidth for CP antennas. The use of RIS for reducing the patch size of single-layer microstrip antennas has been proposed in [19] . In [20] , the metasurface structure has been modified by rotating the rectangular patches by 45
∘ . This results in the RIS becoming even more optimized for CP radiation, with more AR bandwidth than a conventional RIS. The work of [21] describes a CP antenna loaded with composite right-handed/left-handed (CRLH) structures and optimized on RIS substrate. In [22] , a single-patch single-band CP antenna with asymmetric slits and slots is proposed over RIS.
In this paper, 50 ohm coaxial fed, stacked microstrip antenna over RIS is proposed and studied for CP radiation. The CP radiation in dual-bands (2.4 GHz ISM band and 3.5 GHz WiMAX band) with compact size is achieved using two truncated corner square patch radiators stacked over RIS. The RIS is used in the inductive region for decreasing the resonance frequency for the lower band and improving the antenna radiation performance. The compact CP patch antenna loaded with RIS is designed, fabricated, and tested. Commercially available electromagnetic (EM) solver CST Microwave Studio (MWS) [23] , based on the finite integration technique (FIT), is used for designing and optimizing the proposed antenna design. This paper is divided into four sections following this introduction. Section 2 explains in detail the concept of artificial impedance surface (AIS), AMC, and RIS. Section 3 describes the design of the metasurface and the patch radiators and how both interact with each other. The simulated and measured results are discussed in Section 4. Section 5 concludes this paper by summarizing all the results obtained.
AIS, AMC, and RIS
The difference between RIS and AMC is their frequency of operation. To avoid confusion, the structure is called AIS in general. AIS can be modelled as a circuit comprising an inductance and capacitance in parallel. When the circuit is at the resonant frequency, it is AMC. At other frequencies, the net impedance is either inductive or capacitive and hence it is called RIS. The terms HIS and AMC can be used interchangeably. This is because two things can be observed at the resonance frequency. First of all, the resonant condition of a parallel LC circuit leads to a very high impedance (which is theoretically infinity)-hence the name HIS. And, secondly, the magnetic field tangential to the surface is zero (shown in Figure 1(b) ). This is analogous to an electric conductor which has a zero tangential electric field (shown in Figure 1(a) ). That is why these surfaces are called magnetic conductors. As they are not found in nature and are created artificially, the name given to them is artificial magnetic conductor (AMC).
The difference in properties between AMC and RIS is the result of difference in their reflection phase. In AMC, a charge and its image have the same phase. Hence a horizontal current International Journal of Antennas and Propagation Figure 2: Image distribution of an infinitesimal dipole over a surface with impedance along the complex plane as in [8] .
over AMC has the same orientation as its image current (it is opposite for a vertical current). This is in contrast with an electric conductor, which has the image out of phase from the main charge by 180 ∘ . For RIS working in the inductive mode, the reflection phase is between 180
∘ of an electric conductor and 0 ∘ of a magnetic conductor. For a normal incident wave, the reflection phase of a surface with impedance is given by
where is the intrinsic impedance of free-space [24] . The effect of this is to push the image of an antenna current into a complex plane, so as to reduce the interaction (and consequently interference) between them as shown in Figure 2 . The exact mathematical model is given in [8] . This causes the image current amplitude to vary with frequency so that at a certain frequency the image current has minimum amplitude as shown in Figure 3 . Also, the normalized impedance can be chosen such that the stored energy in the image source compensates for the energy stored by the source itself; that is, if the antenna shows a capacitive loading and its image stores the magnetic energy, resonance can be achieved at much lower frequency than the resonance in free-space by proper integration with an inductive RIS.
The use of RIS substrate leads to an effective increase in the current path, thus leading to size reduction. Also, AIS is AMC at a single specific frequency, while it exhibits inductive behaviour over a wide range of frequencies.
Proposed Antenna Geometry and Design
The complete view and the cross-sectional view of the proposed antenna over RIS structure are shown in Figures  4(a) and 4(b) , respectively. The antenna comprises two stacked truncated corner square patches (TCSP) placed on RIS substrate. The upper patch has a side length up while the lower one has a side length down . The antenna is fed by 50 Ω coaxial probe at a distance of ( , ) from the patch centre. The RIS comprises an array of 5 × 5 periodic square metallic cell patches fabricated on a metal-backed FR4 substrate. This makes the antenna structure have three dielectric layers in total. The upper dielectric layer is made up of Rogers R04003 substrate ( = 3.38 and tan = 0.0027) and has a thickness of ℎ 1 = 1.6 mm. The middle one is made up of FR4 substrate ( = 4.2 and tan = 0.02) with a thickness of ℎ 2 = 0.5 mm, and the lowest layer is also of FR4 with a thickness ℎ 3 = 3.2 mm. The whole antenna is backed by a square-shaped metallic ground plane with side length of = 35 mm.
The RIS lies in the region between the two FR4 layers. In order to prevent shorting between the feed and the RIS patches, a circular region from RIS layer is removed to accommodate the coaxial SMA connector. The design of the RIS and the TCSP patch radiators is discussed in more detail in Sections 3.1 and 3.2, respectively.
Reactive Impedance Surface (RIS).
The array of 5 × 5 square metal patch RIS under the patch radiators is shown in Figure 4(a) . The first step to design RIS structure is to design its unit cell. The design parameter to optimize is the reflection phase, which is the phase of the reflected image when the surface is illuminated by TEM wave. The reflection phase of the unit cell is adjusted so that it lies between .
Reactive impedance surface (RIS) layer the perfect electric conductor (PEC) (180 ∘ reflection phase) and perfect magnetic conductor (PMC) (0 ∘ reflection phase). While simulating the RIS, the patch parameter 2 is kept fixed at 6.2 mm, and 1 is varied. The desired frequency of operation needs to be kept in the inductive impedance region. This gives the optimized value of 1 as 5.4 mm.
The use of RIS with purely reactive impedance has the following four advantages over the conventionally used PEC ground plane: (1) There is lower mutual coupling between the patch radiator and the ground plane, which allows for impedance matching over a wider bandwidth. (2) The inductive behaviour of the RIS compensates for the capacitive near field of the patch radiator, giving the antenna better radiation efficiency. (3) The inductive coupling reduces the antenna's resonant frequency, which effectively means that antennas at the same frequency will have a reduced size. (4) There is improvement in the front-to-back ratio [8] . coupling between the patches. All the antenna dimensions are summarized in Table 1 . The CP radiation for the upper band (3.5 GHz WiMAX band) is emitted by the upper patch of smaller dimensions, while the radiation of the lower band (2.4 GHz ISM band) comes from the lower patch of larger dimensions. Just like the case with the metallic RIS arrays, a circular region is removed from the lower TCSP radiator. This prevents it from getting shorted to the feed.
Performance of Antenna over RIS.
The performance of CP antenna with this particular RIS metasurface has been studied in detail in [25] . Though this paper is focussed on a single-layer patch antenna, its results are directly applicable to the lower band of 2.4 GHz. The upper band is not very much affected by the RIS. This paper explored the effect of integrating the RIS with the antenna on the antenna's size, impedance bandwidth, and AR bandwidth. The reflection phase graph of a metasurface shows the reflection phase for a particular frequency. It depends on the shape and size of the metasurface, as well as the substrate and superstrate material permittivity and thickness. For the square patch metasurface of inner length 5.4 mm and outer length 6.2 mm, the reflection phase graph is shown in Figure 5 . The authors have designed an antenna for a set of frequencies corresponding to certain values of the reflection phase. In order to evaluate the performance of the metasurface, antennas have been made that are resonant at the same set of frequencies but do not contain a metasurface. In order to make the comparison accurate, the patch to ground plane separation is kept the same in both the cases. It is observed that the presence of the RIS causes the reduction in patch size for the same operating frequency. The amount of reduction depends on the reflection phase the RIS is operating in, and it increases as the reflection phase approaches zero; that is, the patch size keeps getting smaller as the reflection phase approaches zero. However the reduction in patch size causes a reduction in the impedance bandwidth and gain. By the time reflection phase gets closer to 0 ∘ , the metasurface becomes more of HIS than RIS. In HIS, the image current has the same phase as the antenna current. Unlike RIS, the image current is not decoupled from the antenna current, and this reduces the antenna efficiency [8] . The usable bandwidth also becomes very limited. That is why the RIS is used at frequencies where the reflection phase is more than +45 ∘ .
Simulated and Measurement Results
Keeping all the other parameters constant, the antenna was simulated with and without RIS. For an accurate comparison, the distance of the patch from the ground plane was kept the same in both the cases. The corresponding impedance bandwidth and gain plots are shown in Figures 7(a) and 7(b), respectively. It can be observed that the presence of the RIS directly affects the lower band, because the lower frequency is radiated from the lower patch that is kept directly over the RIS. The RIS causes the resonant frequency of the lower band to decrease, because of the coupling of the RIS's inductive field with the patch radiator's near-field capacitance. As the same length of patch now radiates at a lower operating frequency, it makes the electrical length of the patch smaller (because of the wavelength radiated being now larger). This also reduces the antenna's gain slightly in the lower band, as that is a direct function of overall radiator size. The upper band is not affected by the RIS, as the patch radiator emitting that frequency is placed over a normal dielectric substrate. The use of RIS results in a 10% frequency reduction in the lower band. It also means that the radiation at the same frequency band can be obtained from a patch size smaller compared to the case without RIS. As the lower frequency band accounts for the overall lateral dimensions of the antenna, this corresponds to the overall size reduction of the antenna structure.
CP radiation is obtained from the patch antenna with its opposite corners chamfered. The perturbation introduced by the cut corners introduces an electric orthogonal field to the main field that is out of phase from it by 90
∘ . This results in a rotating electric field and consequently CP radiation. The rotating electric fields can be visualized from lower and upper frequencies, respectively. It can be seen that the lower frequency is radiated from the lower patch that is larger in size, while the higher frequency is radiated from the smaller upper patch.
The measured 10-dB 11 impedance bandwidth and 3-dB axial ratio graphs are shown in Figures 9(a) and 9(b) , respectively. The impedance bandwidth for the lower band is from 2.39 to 2.59 GHz (8.1%), while the bandwidth in the upper band is from 3.38 to 3.62 GHz (6.9%). This is much more than the requirements of the ISM band and the WiMAX band, respectively. The AR bandwidth for polarization measured in the boresight (Φ = 0 ∘ , = 0 ∘ ) is 2.40 to 2.55 GHz (6.1%) and 3.40 to 3.60 GHz (5.7%) for the lower and upper bands, respectively. Global bandwidth is defined as the range of frequencies that are common to the impedance bandwidth and the AR bandwidth. The AR bandwidth lies completely within the impedance bandwidth, so the global bandwidth is the same as the AR bandwidth. The RHCP gain at the boresight is 2.93 dBic at 2.50 GHz and 6.26 dBic at 3.52 GHz. The gain is almost constant over the global bandwidth, with a variation of 0.2 dB.
The normalized radiation patterns for both the principal planes at the lower and upper frequency are shown in Figures  10 and 11 , respectively. As the proposed antenna emits RHCP radiation, the RHCP pattern shows the copolarization level while the LHCP pattern indicates the cross-polarization level. At the lower frequency and at the boresight direction, the ratio of copolarization to cross-polarization level [RHCP − LHCP] over the AR bandwidth is better than 24 dB. At the upper frequency, the ratio of copolarization level is more than the cross-polarization level by 28 dB. The 3-dB CP beam width is more than 90 ∘ .
Conclusion
A compact, single feed, CP stacked microstrip antenna over RIS has been studied and presented for dual-band applications. The truncated corner method was used for both the square patches to generate CP radiation in the lower (2.4 GHz ISM) and upper (3.5 GHz WiMAX) bands. The design idea of reducing the overall antenna size was investigated by integrating the lower frequency (higher wavelength) radiating patch with RIS substrate. The size reduction takes place keeping other antenna parameters almost intact. If the patch size is kept constant, this technique results in radiation at a lower frequency. This method is useful as it leads to selective frequency reduction of a patch, while retaining the antenna properties and frequencies originating independently from other patches. It is especially useful for applications like GPS/GNSS as investigated in [26, 27] , where relatively low frequency radiation (L-band) has to be generated from increasingly small sized antennas and the frequency ratio of multiple bands is less than 1. This technique also has the advantage of easy integration with multilayer PCB technology, which makes the fabrication of low-cost and easy.
